Fiber Optical Micro-detectors for Oxygen Sensing in Power Plants by Baker, Gregory L. et al.
  1
 
Fiber Optical Micro-detectors for Oxygen Sensing in 
Power Plants 
 
 
 
 
 
 
 
 
 
 
 
 
 
Quarterly Technical Report 
Reporting Period: 
October 1, 2003 - December 31, 2003 
 
 
 
 
 
 
 
 
Gregory L. Baker*, Ruby N. Ghosh+, D.J. Osborn III* 
 
April 1, 2004 
 
DOE Award Number: DE-FC26-02NT41582 
 
 
 
*536 Chemistry Building, Department of Chemistry 
+2167 BPS, Center for Sensor Materials 
Michigan State University 
 2 
DISCLAIMER 
This report was prepared as an account of work sponsored by an agency of the United 
States Government.  Neither the United States Government nor any agency thereof, nor any of 
their employees, makes warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned 
rights.  Reference herein to any specific commercial product, process, or service by trade 
name, trademark, manufacturer, or otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of the authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 
 
 
 
ABSTRACT 
 
A reflection mode fiber optic oxygen sensor that can operate at high temperatures for 
power plant applications is being developed.  The sensor is based on the 3O2 quenching of the 
red emission from hexanuclear molybdenum chloride clusters.  Spectroscopy of Mo6Cl12 
immobilized in a sol-gel matrix and heated to 200 °C was performed.  Oxygen quenching of 
the luminescence was observed after heating.  Aging Mo6Cl12 to temperatures above 250 °C 
converts the canary yellow Mo6Cl12 to a non-luminescent gray solid.  Preliminary 
experiments point to oxidation of the clusters as the likely cause of thermally induced changes 
in the physical and optical properties of the clusters.  Other members of the Mo6Cl12 family 
are being investigated for thermal stability above 250 °C. 
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Figure 1. Schematic of the reflection mode fiber sensor. 
INTRODUCTION 
 
Fiber optic oxygen probes are well-suited for development as micro-sensors for 
oxygen levels in power plant exhaust environments. Advantages of fiber sensors include the 
ability to probe otherwise inaccessible locations via miniaturization into small flexible probes 
and immunity from electrical interference. Single sensors can be placed in an array rake in the 
exhaust duct downstream of a combustion chamber to provide spatially localized information. 
The time response of fiber sensors can be less than one second which would allow for real 
time control and balancing of the individual combustor operation, improve efficiency, and 
lower emissions.   
Oxygen quenching of the fluorescence from organometallic compounds has been used 
to develop a number of fiber sensors.  However, a major drawback of these indicators for 
energy plant applications is that the chromophores degrade with time, i. e. lack long range 
reliability, and have a limited operational temperature range, typically room temperature plus 
or minus 25 °C.  Previously, we developed a room temperature fiber optic oxygen sensor that 
utilizes the luminescence from hexanuclear metal halide clusters such as Mo6Cl12, [Ghosh 
1999] to detect oxygen in the 0.1% to 20% range.  The organic polymers used to fabricate this 
device limited its operation to room temperature; we have extended our previous results to 
200 °C by replacing the organic components with a porous inorganic sol-gel support that has 
superior thermal stability. 
A schematic of the reflection mode fiber sensor is shown in Figure 1.  The Mo-clusters 
are immobilized in an oxygen permeable matrix at the far end of a silica fiber.  An ultraviolet 
optical source, coupled into the near end of the fiber, is used to excite the clusters (pump 
beam).  The reflected luminescence signal is also collected from the near end of the fiber.  
This geometry allows for the active end of the fiber sensor to be immersed in a harsh 
environment, while the collection and excitation optics are located in a more benign 
environment.  
 
 
The use of Mo6Cl12 clusters offer particular advantages for the construction of 
practical fiber optic devices.  The clusters are inexpensive and their synthesis is straight-
forward.  The long lifetime of the cluster excited state (> 100 µs) and the large Stokes shifted 
emission (> 300 nm) allows the use of simple light emitting diode (LED) pumping and Si 
photodiode detection, both of which are essential for volume fabrication of the sensor.  Other 
advantages of the metal halide clusters are that they can withstand repeated cycling and show 
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no signs of decomposition to temperatures to 200 °C.  Finally, the red luminescence emitted 
from the excited state of the Mo cluster is efficiently quenched by only ground state 3O2.  
Since the ground state of all other gases typically present in power plant exhausts such as 
hydrogen, hydrocarbons, carbon monoxide and sulfur oxides do not have a triplet ground 
state; no cross-sensitivity with these species is expected.   
The photophysics and physical properties of Mo6Cl12 and related metal halide 
compounds [Prokopuk 1999] are well suited for oxygen sensing schemes. The extended 
cluster array has a quasiperovskite structure, composed of an octahedral core of molybdenum 
atoms with eight face bridging chlorides and four axial chlorides, which are shared among 
neighboring cluster subunits [Schaefer 1967].  The emissive excited state is localized in the 
metallic core of the cluster with little ligand character [Zietlow 1985]. From a sensor 
perspective, these clusters are an ideal lumophore because their luminescence is largely 
unaffected by the external environment, whether that be encapsulation in a sol-gel matrix or 
immersion in a gaseous environment. When dissolved in solution the clusters exist in the form 
[Mo6Cl8]Cl4L2 where [Mo6Cl8] is the core of the cluster, Cl4 are exchangeable chlorides sited 
in axial positions, and L is either a solvent molecule or another ligand, see Fig 2.  The cluster 
can withstand repeated cycling, without degradation of the luminescence.  The intensity of the 
luminescence increases with decreasing oxygen concentration, following the Stern-Volmer 
equation [Jackson 1990].  Under atmospheric conditions we have shown that gaseous oxygen 
can be detected from 0.1% to 20% [Ghosh 1999], a range which is well suited for power plant 
applications such as emission control and individual burner balancing. 
 
 
Shown in Figure 3 are the absorption and emission spectra of the Mo-clusters in 
acetonitrile.  Absorption of UV photons through the broad 300-400 nm absorption band raises 
the cluster to an excited electronic state.  Emission of red luminescence from the excited state 
is efficiently quenched by ground state 3O2.  Due to the large Stokes shift of > 400 nm we are 
able to separate the pump and probe signals using simple filtering techniques and then 
integrate all the photons in the 600-850 nm emission band as the sensor signal using a simple 
photodiode detector. 
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Figure 2. The Mo6Cl12 cluster, 
the basis for a versatile optical 
sensor for oxygen.   
 7 
Figure 3.  Absorption and emission spectra of the Mo6Cl12 acetonitrile complex.  The 
absorption band extends from 300-400 nm and the emission band extends from 600-
850 nm.  The large Stokes shift allows for simple LED excitation and photodiode 
detection, which are essential for volume fabrication of the senor. 
 
 
 
Oxygen quenching of the luminescence is demonstrated in Figure 4.  The 
luminescence spectra are shown in two gas environments: (a) argon (<0.005% oxygen) and 
(b) air (~20% oxygen).  A quenching of a factor of 5.5 between argon and air was observed. 
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A schematic diagram of the setup used for characterizing the fiber sensor is shown in 
Figure 5.  Plotted in Figure 6 is output signal from the sensor in nW as a function of oxygen 
concentration from 0 - 20% oxygen, with nitrogen as the balance gas.  Note from the error 
bars on the measurement points, within our 6 Hz measurement bandwidth the standard 
deviation is less than 2% of the signal. The data demonstrate that the sensor can clearly 
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Figure 5. Optical setup for fiber sensor measurements. 
Figure 4.  Luminescence spectra from the Mo-clusters demonstrating quenching 
by oxygen: (a) argon environment and (b) laboratory air (~20% oxygen). 
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resolve changes on 0.1% absolute oxygen concentration in the 0-1% range, changes of 0.5% 
absolute oxygen concentration in the 1-4% range, changes of 1% absolute oxygen 
concentration in the 4-10% range, and changes of 2% absolute oxygen concentration in the 
10-20% range.  These measurements were made on a 1.5 m long fiber probe.  The auto-
fluorescence is small for this long length of fiber, demonstrating the feasibility of probing 
remote locations with such a fiber sensor.  From the inset to Fig. 1 we deduce that an upper 
bound to the sensor switching time is 30 s.  This is not the intrinsic response time of the 
sensor, which we estimate to be 1 s.  In addition we have demonstrated that the quenching of 
the cluster luminescence shown in the figure, obeys the Stern-Volmer equation as expected 
from theory [Ghosh 1999] 
 
 
 
Figure 6.  Output signal from the room temperature fiber oxygen probe [Ghosh 
1999].  The sensor signal as a function of time for low oxygen concentrations is 
shown in the inset. 
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EXECUTIVE SUMMARY 
 
During phase I of this project, we successfully immobilizing Mo6Cl12 in a porous sol-
gel film, thus accomplishing a critical step towards the development of an inorganic fiber 
optic oxygen sensor for high temperature applications.  High temperature stability issues were 
addressed by characterizing the optical properties of thin sol-gel films deposited on planar 
fused silica substrates.  Quenching of the red luminescence was observed in the Mo-cluster / 
sol-gel composite films deposited on a quartz substrate following temperature cycling to 200 
°C. The emission lineshape is unchanged from that of Mo6Cl12 in solution, which indicates 
that the cluster photophysics is not adversely affected by incorporation into the sol-gel matrix 
or by heating to 200 °C.  The composite film has the mechanical properties required for a 
harsh environment fiber sensor, as demonstrated by the strong adhesion of the thin films to 
the quartz substrate.  We anticipate that the sol-gel process developed for planar silica 
substrates will be transferable to high temperature UV-visible silica optical fibers. 
Experiments are currently in progress to characterize the optical properties of the films 
in-situ at elevated temperatures.  These measurements will be performed by heating the sol-
gel films using platinum heaters glued to the back of the substrate.  A quartz cell has been 
fabricated to immerse the sample in a controlled gas environment during heating (up to at 
least 200 °C).  A micro-welding technique was developed to make electrical contacts to the 
heaters.  The SPEX spectrometer used for the emission measurements was calibrated and 
brought on-line.  A precision x-y-z-theta stage for accurate positioning of the quartz cell in the 
spectrometer was developed to allow us to make repeated measurements of the same area of 
the film after changing the gas in the cell. 
A preliminary study of the high temperature stability (>300 °C) of the Mo6Cl12 
clusters in oxygenated environments revealed irreversible changes in the optical absorption 
spectrum and a loss of the red luminescence that is characteristic of pristine clusters.  Thermal 
aging experiments run in air and under nitrogen point to oxidation of the clusters as the cause 
of the change in optical properties. We are investigating whether changing the cluster 
composition will lead to a more stable compound and will investigate other members of the 
Mo6Cl12 family for thermal stability above 200 °C. 
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EXPERIMENTAL 
 
Mo6Cl12 Purification [Sheldon 1960] 
Molybdenum chloride (3.00 g, 3 mmol) from Cerac, Inc. was dissolved in 6 M 
aqueous HCl with heating to form a clear yellow solution.  The volume was then reduced to 
one quarter and allowed to cool to room temperature.  After placing the flask in a freezer 
overnight, long yellow needle-like crystals were obtained.  The solution was decanted from 
the flask and the crystals were collected, broken into smaller needles to facilitate drying, and 
dried on a piece of filter paper.  Once dry, some of the crystals were set aside for future 
analysis, and the remaining crystals were transferred to a Schlenk tube and heated under 
vacuum at 150 °C for 6 hours.  After 6 hours, the temperature was increased to 210 °C for 4 
days and the color of product changed to orange-yellow. Cooling to room temperature gave 
~2 g of purified Mo6Cl12 was as a canary yellow powder cooling. 
Note: The use of aqueous hydrochloric acid versus other polar solvents is due to the 
propensity of Mo6Cl12 to undergo ligand exchange.  Specifically the axial chlorine atoms in 
Mo6Cl12 are known to be somewhat labile, and can be exchanged for a solvent molecule, such 
as ethanol or acetonitrile.  Additionally, the hydrochloric acid dissolves metal impurities 
contained in the molybdenum chloride. 
 
Preparation of Acetonitrile Complex of Mo6Cl12 (Moly Oil) 
In a typical procedure, 75 to 100 mg of Mo6Cl12 was loaded into a cellulose thimble 
and placed in a Sohxlet extractor that was protected from moisture by dry nitrogen gas.  The 
extractor was charged with 250 mL of dried HPLC grade acetonitrile (Spectrum Chemical 
Company) and the extraction was run until the yellow extraction solution reached constant 
optical density.  The solution was concentrated until the solubility limit was reached, and the 
filtered to give a yellow-orange solution.  The concentration of the solution was measured by 
taking a known volume of the solution and evaporating the solution to dryness.    
 
Sol Gel Preparation and Deposition of Mo6Cl12/ sol-gel Composite Films 
The procedure used for deposition of sol-gel films is a modified version of that 
described by MacCraith and coworkers [McDonagh 1966, 19998, 2002]. In a typical 
experiment, moly oil (1.4 mL, 5 x 10-4 M) was added to tetraethyl orthosilicate (TEOS) (2.0 
mL, 9 mmol) in an Erlenmeyer flask. Water (0.65 mL, pH adjusted 1 using HCl) was added to 
the flask and the solution was stirred for 1 hour at room temperature. After stirring, the 
solution was transferred to an oil bath at 70 ûC for a period of time (aging). After aging, the 
solution was transferred to a 20 mL vial and capped for later dip coating. Sol gels films were 
optimized for film thickness, adhesion, and oxygen permeability by adjusting the water:TEOS 
ratio, the co-solvent:TEOS ratio, the sol gel aging time, the cosolvent and ethanol evaporation 
rate, and the condensation time. .  
The surfaces of quartz slides were prepared by four different techniques to define the 
conditions most suitable for good adhesion: (1)  rinsing with water followed  by methanol (2) 
rinsing with distilled water, methanol and acetone, followed by conditioning in distilled water 
at 70 ûC for 24 hours, and storage under distilled water until use, (3) washing with Alconox, 
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rinsing with distilled water, soaking in a 1:1 mixture of concentrated sulfuric acid and 30% 
hydrogen peroxide, followed by rinsing with distilled water for at least 1 hour, and storing in 
distilled water until use, and (4) washing with Alconox, rinsing with distilled water, soaking 
in a base bath, rinsing with distilled water for an 1 hour, and storage in distilled water until 
use. In all cases, the slides were removed from distilled water and dried under a stream of 
nitrogen. The slides were handled with gloves and tweezers in order to minimize surface 
contamination. Method 4 consistently gave the best adhesion and was used for preparation of 
Mo6Cl12/ sol-gel composites 
Quartz or glass slides were hand-dipped at a rate of approximately 1 mm/sec. The 
slides were then placed directly onto a piece of aluminum foil or into a vial and capped. 
Samples were prepared with various numbers of coatings and times between coats. After each 
dip-coat step, the sol gel solution was capped.   In a typical procedure, the sol-gel solution 
was heated in an hot oil bath at 70 oC, and then was aged at room temperature for 64.5 hours.  
Slides were prepared using a three dip coat process.  The first coat was then applied, followed 
40 minutes later by a second coat, and finally a third coat 27 minutes later.  . The slide was 
placed in a sealed vial for 320 hours and then was dried in an oven at 70 oC for 24 hours and 
19 minutes. Other samples were prepared analogously.   
 
UV/vis Absorption 
Absorption spectra were measured were performed using a Perkin Elmer Lambda 40 
Double beam instrument.  The data was acquired using UV Winlab software version 2.8 and 
plotted using Microsoft Excel.  Solutions were placed into a 1 cm pathlength quartz cuvette 
with a separate cell containing only solvent as a reference. Samples for absorption 
measurements were prepared by adding the desired amount of  Mo6Cl12 to a small sample vial 
containing ~5mL of 6 M HCl. The solution was transferred to a volumetric flask, and the 
volumetric flask was filled to the mark, stoppered, and shaken to yield a homogenous 
solution. Typical concentration of the final solution were  1.7 × 10-4 M.   
 
Fluorescence 
The fluorescence measurements were performed using a Fluorolog-3 instrument from 
Instruments S.A., Inc.  The system includes a single Czerny-Turner excitation spectrometer 
with a 1200g/mm ruled grating blazed at 330nm and a single Czerny-Turner emission 
spectrometer with a 1200g/mm holographic grating blazed at 630 nm.  The excitation optics 
consists of a 450W ozone-free Xe lamp, followed by a 270-380 nm bandpass filter (Oriel 
1124).  A Si photodiode is used to continuously monitor the lamp signal.  The detection optics 
consists of 603.2 nm long wave pass filter (CVI) followed by a multi-alkali photo multiplier 
tube (Hamamatsu R928) with photon counting electronics.  Data processing was performed 
using the Datamax (version 2.2) software package supplied with the instrument.  Spectra were 
obtained by exciting at 313 nm with a 5 nm slit and scanning the emission monochromatic 
from 500 to 850 nm with a 1 nm slit. 
Two types of spectra are presented.  The uncorrected spectra are the raw data from 
the photo multiplier tube, without correcting for the spectral response function of either the 
PMT or emission grating.  Therefore the uncorrected spectra do not show the true emission 
lineshape.   The corrected spectra includes corrections for the spectral response of the PMT 
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and emission grating, and represents the true emission lineshape.   The uncorrected spectra 
will show a peak in the 670 - 680 nm range, and a constant background offset of 500 - 1000 
cps, due to the PMT dark count.   The corrected spectra have a broad peak in the 720 - 760 
nm range, without any background offset. 
A Newport 1815-C Power meter with and 818 UV Silicon detector was used to 
monitor the Xe lamp intensity at the 313 nm pump wavelength, before and after the 
fluorescence measurements.  After an initial warm up time of half an hour, the lamp was 
found to have a stable output power better than +/- 5% for a period of several hours.  These 
power measurements will allow us to quantitatively compare spectra obtain on different days 
by accounting for the diminishing output of the Xe lamp due to aging. 
Measurements of the cluster fluorescence in solution with different concentrations of 
dissolved oxygen were performed by placing the solution in a quartz cuvette sealed with an 
airtight septum.  The atmosphere measurements (~20% oxygen) were performed first.  The 
measurements in nitrogen gas were performed by sealing the quartz cuvette with an airtight 
septum, then bubbling 99.999% purity nitrogen gas through the solution for 10 minutes. 
Measurements of the sol-gel immobilized clusters in different oxygen environments 
were made in the same setup.  The sol-gel films were deposited on rectangular (14 mm x 20 
mm), 2mm thick quartz slides. The slides are designed to fit along the diagonal of the 1 cm x 
1 cm of the square quartz cuvette.  The slides were purged in-situ and care was taken to not 
move the excitation spot between the atmospheric and <0.001% oxygen measurements.   This 
allows us to measure the degree of oxygen quenching in the films to +/- 20%, despite the 
observed inhomogeneities in film thickness. 
 
Optical Microscopy of Thin Films 
Polarized optical microscopy images were acquired using a Nikon Optiphot2-Pol 
equipped with a Sony Hyper HAD CCD-IRIS/RGB color video camera (model DXC-151A).  
The camera was connected to a PC using a Sony camera adapter (model CMA-D2). The 
images were viewed using a Sony Trinitron color video monitor.  Images were taken using 
Hauppage computer works Win/TV software (version 2.4.17052). Images were collected at 0 
and 90° to characterize the birefringence of the samples and a qualitative measure of their 
degree of crystallinity.  A programmable hot stage (Mettler FP82) was used to collect images 
at elevated temperatures. 
Images were collected every 10 °C and analyzed for mean luminosity using Adobe 
Photoshop, which provides a measure of the light emission from the sample over the entire 
visible spectrum.  The mean luminosity was then plotted as a function of temperature and 
each sample contained approximately 4 mg of cluster.  
 
Thermogravimetric Analysis (TGA) 
Thermogravimetric analysis Mo6Cl12 samples was performed using a Perkin Elmer 
TGA-7 system, with platinum metal sample pans, and with the gas type and flow adjusted to 
either nitrogen or air using a separate gas flow regulation system. Mo6Cl12 samples used for 
studying the effects of isothermal aging on the UV/vis and fluorescence spectra of Mo6Cl12 
were heated to the desired temperature in air, held at temperature for 1 hour, and then cooled 
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to room temperature.  Sol gel films containing Mo6Cl12 were cycled using the heating 
schedule shown in Table 1.   
 
 Temperature 
(°C) 
Heating Rate 
(°C/min) 
Hold Time 
(minutes) 
 30 ------ 120 
30  200 10 ------ 
200 ------ 60 
 
First heating 
cycle 200  30 10 ------ 
30  200 10 ------ 
200 ------ 60 
Second heating 
cycle 
200  30 10 ------ 
30  200 10 ------ 
200 ------ 60 
Third heating 
cycle 
200  30 10 ------ 
 30 ------ 240 
 
Table 1. Temperature program for thermogravimetric 
analysis. 
 
 
Microwelding for construction of the Pt heater assembly 
A parallel gap resistance micro-joining technique, using a Unibond II system from 
Unitek Equipment, was used to attach the electrical buses for the Pt heater assembly.  The 
copper electrodes had a fixed 0.15 mm electrode spacing, the system was operated in 
feedback mode with the force set at 200 units and a welding time of 39 ms.  The welding 
parameters for the two different Pt wire combinations were: 
Pt (0.09 mm) to Pt (0.125 mm)  1.2 V applied bias 
Pt (0.125 mm) to Pt (0.25 mm)  1.1 V applied bias 
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RESULTS AND DISCUSSION 
 
Synthesis, purification, and characterization of Mo6Cl12  
Mo6Cl12 can be can be obtained form several commercial sources or directly 
synthesized from MoCl5 and aluminum at 800 °C.  The as-received MoCl2 from Cerac, Inc. 
was purified by dissolution in 6M HCl to form the hydrochloride salt (Mo6Cl12 • 2HCl), 
followed by concentration of the solution and cooling to precipitate the purified clusters as a 
canary yellow solid.  Proof of structure was obtained by comparing the x-ray diffraction 
(XRD) pattern (Figure 7) of a collection of crystals with that of authentic samples.  As shown 
in the Figure inset, Mo6Cl12 • 2HCl crystallizes as an octahedral core of 6 Mo atoms with 8 
chlorides bound to each face of the octahedron.  The remaining 6 chlorides are located at 
chemically labile axial positions, which allows for a limited number of substitution reactions.  
Heating the hydrochloride salt to >200 °C drives off 2 equivalents of HCl, converting the 
cluster to Mo6Cl12.  XRD (Figure 7) shows that the product is amorphous.  The loss of two 
chlorides leaves two open coordination sites, and in solid state structures, these two sites form 
cluster-to-cluster bridges through chlorides.  Experience has shown that Mo6Cl12 is 
hygroscopic, reversibly taking up water that presumably coordinated to the open coordination 
sites.   
Thermogravimetric analysis (TGA) of Mo6Cl12 in air (Figure 8) shows that Mo6Cl12 
undergoes a gradual weight loss from room temperature to 250 °C.  The weight loss is small 
(~5%) and reversible, with the magnitude of the weight loss dependent on the rigor in which 
the compound was protected from moisture.  For example, Mo6Cl12 that has been rigorously 
dried under vacuum at 200 °C shows no appreciable weight loss to 250 °C.  However, 
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Figure 7.  XRD patterns for Mo6Cl12 • 2HCl (blue lines), and Mo6Cl12 (red line, obtained 
by heating the hydrochloride salt to 210 °C under vacuum. The structure of the cluster (M 
= H+) is shown in the inset.  
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Mo6Cl12 heated in air to >250 °C undergoes irreversible changes in its structure and optical 
properties.  Isothermal aging of Mo6Cl12 at 300 °C for 1 hour transformed the canary yellow 
Mo6Cl12 into a gray solid.  Chemical analysis of the gray material provided an empirical 
formula of Mo1O3.7; nitrogen, hydrogen, carbon, and chlorine were present at the ≤1% level.   
The apparent oxidation of Mo6Cl12 caused substantial changes in the optical properties 
of the clusters.  An optical microscope equipped with a hot stage provided a convenient but 
qualitative understanding of the evolution of the optical properties of Mo6Cl12 with 
temperature.  A sample of pristine Mo6Cl12 was heated in a hot stage at 10 °/min in air, and 
images of Mo6Cl12 were concurrently captured and evaluated using commercial imaging 
software.  Shown in Figure 9 is a plot of the luminosity (i.e. reflected light) from three 
independent Mo6Cl12 samples as a function of temperature.  Results for a TGA experiment 
run under the same conditions are included for comparison.  The data show that decreases in 
luminosity and weight track each other up to 250 °C.  These changes are reversible.  At T > 
250 °C, the evolution in the optical properties changes irreversibly, and isothermal aging at 
300 °C leads to further changes in the luminosity and weight loss.  These thermally-induced 
changes were measured quantitatively by isothermal aging of pristine samples of Mo6Cl12 for 
1 hour at various temperatures, and after cooling to room temperature, measuring their 
properties by UV/vis and fluorescence spectroscopy.  As shown in Figures 10 and 11, aging 
Mo6Cl12 at T < 250 °C caused negligible changes in the optical properties of the clusters.  
However the absorption spectra of samples aged at T > 250 ° showed substantial changes, 
most importantly, a large decrease in luminescence compared to pristine Mo6Cl12.   
While 250 °C appears to be the upper limit of stability for Mo6Cl12 in air, samples 
tolerate cycling at slightly lower temperatures.  For example. the luminescence spectra in 
Figure 12, demonstrate that heat cycling to 200 °C does not affect the cluster photophysics.  
In the figure the emission spectra of (i) our previously synthesized clusters [Ghosh 1999] is 
compared to (ii) the present material that has been cycled in air three times from room 
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temperature to 200 °C.  The spectra are taking in a 0.001% oxygen environment.  The data 
show no change in the line shape (the divergence at shorter wavelengths is due to the use of a 
different high pass filter for the two experiments) confirming the stability of the clusters up to 
200 °C. 
A particularly useful substitution reaction of Mo6Cl12 is the formation of a complex 
with acetonitrile.  We found that a convenient method for forming the complex is continuous 
extraction of Mo6Cl12 with acetonitrile.  Mo6Cl12 was dried under vacuum and then placed in 
the thimble of a sohxlet extractor. Anhydrous acetonitrile was added to the solvent reservoir 
of the extractor, and the apparatus was protected from moisture by dry nitrogen.  In the 
extractor, the Mo6Cl12 is constantly bathed in freshly distilled acetonitrile, which is 
periodically cycled back to the reservoir.  Formation of the complex is signaled by the 
development of a bright yellow color in the reservoir.  Evaporation of the solvent gave the 
complex as a dark orange oil.  The importance of the acetonitrile complex is twofold.  First, 
compared to Mo6Cl12, the complex has enhanced solubility in organic solvents and it is 
compatible with sol-gel chemistry.  Secondly, as shown by the luminescence quenching 
experiments in Figure 13, the modulation obtained for solution of the acetonitrile complex 
(luminescence in oxygen-free nitrogen/luminescence in air) is >10.  The reason for the strong 
modulation for the acetonitrile complex can be traced to the difference in the state of the 
clusters in Mo6Cl12 and the acetonitrile complex.  The acetonitrile complex (orange oil) is 
presumably a solution of isolated complexes, while Mo6Cl12 is essentially a cluster of 
clusters and suffers from self quenching.  
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Figure 10.  UV/vis spectra of Mo6Cl12 clusters after isothermal aging at the 
indicated temperatures.  The spectra were run in 6M HCl 
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Figure 12.  Emission spectra from our current Mo cluster compound after thermal 
cycling to 200 C and previous results from [Ghosh 1999].  Both spectra were taken 
in a 0.001% oxygen environment.
Nitrogen (<0.001% O2)
Figure 13.  Absorbance and emission spectra of the acetonitrile complex of  (~5 x 10-4 
mol / L).  The emission is the uncorrected raw data, taken with an excitation 
wavelength of 313 nm.  Quenching of ~12X is observed between nitrogen (<0.001% 
oxygen) and air (~20% oxygen). 
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Immobilization of Mo6Cl12clusters in sol-gel matrices.  
We used a sol gel process to immobilize Mo6Cl12 in a porous silica matrix.  The 
process is based on the controlled hydrolysis and condensation of tetraethyl orthosilicate 
(Figure 14), where ethoxy groups are lost in the form of ethanol, and new Si-O-Si bonds form 
to generate the silica matrix.  By carrying out the reaction in the presence of the clusters, 
Mo6Cl12 is entrapped the in the final matrix. Because of its high solubility in the reactants, the 
acetonitrile complex of Mo6Cl12 is particularly useful for obtaining sol gel matrices that 
contain an appreciable concentration of Mo6Cl12.  As the sol-gel reaction proceeds, the 
viscosity of the solution increases, and the thickness of the films can be controlled by 
selecting solutions with the appropriate viscosity.  The porosity can be controlled by the 
drying process or through the use of porogens, small molecules that introduce voids in the 
final gel.   
 
 
 
Using the process described in the Experimental section, thin films of the Mo-
cluster/sol-gel composite were deposited on quartz slides and allowed to cure.  The emission 
spectra of the Mo-cluster / sol-gel films were measured, and then the samples were heated to 
200 °C for one hour.  Depending on the thickness of the film and the details of the 
preparation, the films developed a network of cracks forming domain size on the order of 100 
microns after curing that was largely unchanged by the heating process.  Since the core 
diameter of the high temperature optical fiber is ~100 microns, this process should provide 
crack free Mo-cluster/sol-gel composite films that completely coat the end of the fiber. The 
adhesion of the films to the substrates is excellent; attempts to scratch the film to measure 
thickness using a surface profilometer were not successful.   
Oxygen quenching of the luminescence from the Mo-cluster/sol gel film 15F after 
heating to 200 °C are shown in Figure 15.  The film was heated to 200 °C for one hour prior 
to the measurement.  Note that the clusters immobilized in the sol-gel matrix after heat 
treatment have the same emission lineshape as the isolated clusters in solution (Figure 12).  
This indicates that neither the sol-gel chemistry nor heating to 200 °C have adverse effects on 
the cluster photophysics.  We believe that the lower degree of oxygen quenching in the sol-gel 
matrix as compared to the solution results is related to the porosity of the sol-gel matrix, 
which as noted above, can be controlled by aging time and the inclusion of porogens in the 
sol-gel process.   
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High temperature in-situ spectroscopy 
A quartz sample cell for performing absorption and emission spectroscopy on thin 
films of Mo6Cl12 in a controlled gas environment at elevated temperatures has been 
fabricated.  As shown in Figure 16, the lower portion of the sample cell consists of a standard 
10 mm square Spectrocil quartz fluorimeter cell from Starna Cells.  The sample is positioned 
along the diagonal of the cell to allow for 90 ° fluorescence measurements (see the cross-
sectional view).  The quartz sample cell itself is mounted in a metal support structure that 
allows for x-y-z-phi positioning to optimize the luminescence collection efficiency from the 
Mo6Cl12 thin films.  The desired gas enters the sample cell from the upper left, flows across 
the sample then exits from the upper right.  The entire quartz cell and support structure is 
housed inside an optically dark spectrometer compartment with provisions for both gas and 
electrical feed-throughs. 
 
 
Figure 15.  Emission spectra of Mo-cluster / sol-gel composite film 15F, after 
heating to 200 °C for one hour.  Quenching of 1.7X is observed between 
nitrogen (<0.001% oxygen) and air (~20% oxygen).  Excitation wavelength is 
313 nm. 
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Thin films of Mo6Cl12 were coated on an UV substrate that does not fluoresce in the 
UV and has good thermal conductivity.  An array of one to three Pt thin film heaters were 
attached to the backside of the substrate, see Fig. 17.  The heater array enables us to locally 
heat the sample up to 200 °C inside the quartz sample cell.  A resistance microwelder with 
micro-positioning capabilities was used to weld the 0.009 mm diameter Pt heater legs to the 
0.25 mm diameter voltage bus shown in the figure.  Micro-welding techniques were found to 
be essential to construct the heater assembly due to the fine gauge of all the electrical leads.  
Spectroscopy of the thin films of Mo6Cl12 at temperatures up to 200 °C as a function of 
oxygen concentration will be performed by placing the sample with integrated backside 
heaters inside the quartz sample cell. 
 
 
Figure 16.  Schematic of the quartz sample cell for high temperature spectroscopy in a 
controlled gas environment.  The Mo6Cl12 thin film (sample) is coated on a substrate with 
up to three backside Pt heaters (see Fig. 17) to allow for heating up to 200 °C.  
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High temperature optical fiber 
In phase two of this project we will fabricate and test a reflection mode fiber optic 
sensor, shown schematically in Figure 1.  For this purpose we have identified a high 
temperature fiber that is rated for continuous operation at 750 °C, manufactured by Fiberguide 
Industries [FiberGuide].  The fiber has a pure fused silica core, a doped fused silica cladding 
and an outer jacket of gold.  Similar techniques as those used to dip coat thin films of the Mo-
cluster / sol-gel composite onto to planar fused silica substrates will be used to coat the far 
end of the optical fiber with the Mo-clusters.  The fiber is transparent from the ultraviolet to 
the visible, spanning the absorption and emission band of Mo6Cl12.  This particular fiber has 
been used directly inside aircraft and rocket engines, and is therefore expected to be suitable 
for power plant applications. 
Figure 17.  Optical image of platinum heater array.  This array of heaters will be 
glued to the back of the Mo-cluster / sol-gel thin film deposited on a quartz substrate, 
to heat the cluster composite in the quartz cell. 
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CONCLUSIONS 
 
During phase I of this project, we successfully immobilized Mo6Cl12 in a porous sol-
gel film, thus accomplishing a critical step towards development of an inorganic fiber optic 
oxygen sensor for high temperature applications. Mo6Cl12 was immobilized in a porous sol-
gel film, and the oxygen quenching of the luminescence was measured from films that were 
cycled from room temperature to 200 °C. Hardware was developed to heat the films in a 
controlled gas environment inside the spectrometer, and experiments are currently in progress 
to characterize the optical properties of the films in situ at elevated temperatures. 
Parallel thermogravimetric analysis and optical microscopy studies show that at >250 
°C in air, the optical properties of Mo6Cl12 clusters irreversible degrade and yield a gray, non-
luminescent solid.  Initial data suggest oxidation of the cluster, a conclusion confirmed by 
chemical analysis.  We are investigating changes in the cluster composition that will lead to 
more stable luminescent compounds.   
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LIST OF ACRONYMS AND ABBREVIATIONS 
HCL  Hydrocholoric Acid 
MEOH  Methanol 
CH3CN  Acetonitrile 
Mo6Cl12 - Molybdenum Chloride 
TEOS  Tetraethyl orthosilicate 
Xe - Xenon 
